We propose a method to predict the dose rate distribution in a primary containment vessel of Unit 1 of the Fukushima Daiichi Nuclear Power Station (1F) using numerical calculations and measured data.
Introduction
In order to accelerate the retrieval of fuel debris at the Fukushima Daiichi Nuclear Power Station (1F), it is important to know the dose rate distribution in the primary containment vessel (PCV). To grasp the current situation inside a PCV, severe accident (SA) analyses and PCV investigations using robots have been carried out by the International Research Institute for Nuclear Decommissioning (IRID) [1] . However, the prediction accuracy of the SA analyses is still not sufficient and the measured dose rates by the investigations are limited to local areas. Therefore, we developed a method to predict the dose rate distribution in a PCV by combining various numerical calculations with the measured results, and this was applied to the Unit 1 of 1F.
Estimation of radiation sources in PCV
There are mainly three kinds of radiation sources in the PCV of 1F. They are 1) radioactive nuclides in fuel debris, 2) inner structural materials activated during normal operations before the accident, 3) all wall surfaces and water in the PCV contaminated with cesium (Cs) released from fuels at the time of accident. These radiation sources were estimated in the following ways. Figure 1 shows the calculation scheme to generate the composition of fuel debris. First, a three-dimensional fuel inventory calculation was carried out considering *Corresponding author. Email: okumura.keisuke@jaea.go.jp axial void and burnup distributions by using the reactor analysis code system MOSRA [2] and its nuclear data library based on JENDL-4.0 [3] . Separately, activation calculations for the structural materials of a fuel assembly were carried out in consideration of impurities using ORLIBJ40 (ORIGEN2 and its revised library with JENDL-4.0) [4] . After the all nuclides obtained from the above calculations were mixed, fission products (FPs) of noble gases and volatile elements were removed to simulate the release of these gases from the mixture. Two extreme FP release models were employed, as shown in Table 1 , with references to the assay result of the TMI-2 fuel debris [5] and a result of FP release behavior tests [6] . Subsequently, for all radionuclides, the decay up to the time of the dose rate estimation was considered. In the present study, this was April 2015 as this is when the dose rate measurement in the PCV of Unit 1 was performed for the first time by a robot (so called "B1 investigation") [7] .
Fuel debris
The number of photon sources emitted from radionuclides in fuel debris is more than 10,000 in line spectra. Since such line spectra are inconvenient for subsequent photon transport calculations, the photon source of fuel debris was represented by a photon source having the 18-energy-group structure of ORIGEN2 [8] which is conventionally used for spent nuclear fuels. The group-wise photon source of fuel debris was calculated based on the JENDL decay data file 2015 [9] . Figure 2 shows the photon spectra of fuel debris at the time of the B1 investigation. The difference of two spectra is mainly due to the release amount of Cs ( 134 Cs and 137 Cs). 
Activated structural materials
As radiation sources of structural materials by long-term reactor operations, we considered shroud, upper grid plate and lower core support plate, close to the core.
The neutron flux of the shroud was approximated by that at core peripherals calculated by MOSRA with a two-dimensional horizontal core model shown in the left of Figure 1 . As for the upper grid plate and lower core support plate, a continuous-energy Monte Carlo calculation code MVP-II [10] was used to estimate neutron fluxes at the top and bottom parts of a fuel assembly with horizontally reflective boundary conditions. Using the obtained neutron fluxes and the reactor operation history [11] of Unit 1 shown in Figure 3 , ORIGEN2 calculations were carried out to estimate the amount of activation products in each material. The irradiation period is about 9 years and 4 months from November 2001 when the reactor was restarted after shroud exchange, until March 2011 when the accident occurred. The capacity factor of Unit 1 in this period is low as about 48%.
As a result of activation calculations, it was found that 60 Co was main contributor to the dose rate at the time of the B1 investigation by γ-radiation, and others (e.g. Co is generated from (n,γ) reactions of 59 Co existing in structural materials as an impurity. Therefore it can be said that the uncertainty of the activation source is proportional to the initial concentration of Co. In this study, the concentration of Co was set to 305 ppm. 
Cs contamination
The Cs concentration and Cs isotopic ratio Cs were disintegrated until the time of the B1 investigation. Since the effect of decontamination of circulating water is not considered, the concentration may have been set higher than the actual.
Cs contamination other than water, for example, the amounts of Cs on the wall surfaces of drywell, pedestal, reactor pressure vessel (RPV), etc. were roughly estimated based on the result of the SA analysis by IRID [1] . In the SA analysis, the short-term transition (within 6 days) of FP elements is calculated. Therefore, assuming that all Cs estimated by the SA analysis does not move after that, only the disintegration effect of radioactive Cs until the time of the B1 investigation was considered. In addition, it was assumed that the isotopic ratios 134 Cs/
137
Cs of all Cs contaminants are the same as that in the residence water.
The Cs contamination based on the SA analysis is not related with the previously mentioned two FP release models to estimate the radiation sources of fuel debris.
Prediction of dose rate distribution

Calculation model and method
A series of dose rate calculations in this study was carried out using a Monte Carlo calculation code PHITS [12] . Figure 4 shows the three-dimensional model of Unit 1 for the PHITS calculation in this study. In this calculation model, the three types of radiation source described in the previous chapter are set in the PCV. The distribution and amounts of fuel debris are based on the result of the SA analysis by IRID [1] . However, the erosion of concrete by fuel debris at the bottom of PCV was ignored for simplicity. The uncertainty of the radiation sources is still large, and it is thought that it will be changed by future improvement of the SA analysis and progress of the PCV investigations. Therefore, all the radiation sources in PCV were divided into N pieces, and the response to the dose rate distribution d i (r) from each unit source i was calculated by PHITS. Using the intensity S i of the i-th source, the dose rate distribution D(r) in the PCV is expressed by the following equations.
where, H *10 (E) is the flux-to-dose equivalent rate conversion coefficient based on ICRP-74 [13] , and Φ i (E) is a photon spectrum calculated by PHITS for the i-th source.
Although the number of radiation sources (N) can be arbitrarily determined from the number of sensitivities of the radiation sources we want to know, it is limited from the amount of information available from the results of SA analysis and PCV investigations. In this study, we set as N=63, they are two fuel debris distributed inside and outside RPV, three activated structural materials in the RPV (shroud, upper grid plate and lower core support plate) and 58 of Cs contaminations, in which We assumed that the walls and floor under the water were contaminated with the Cs with the same concentration to that on the lower drywell in the air, although the actual situation is unknown.
In the Monte Carlo calculation by PHITS, 200 million photons were traced to get d i (r) for each radiation source. In the B1 investigation, the dose rates were measured by a robot at 11 points on the grating shown in Figure 6 . The measured dose rates range from 4.7 to 9.7 Sv/h, with an average of 7.2 Sv/h (1σ=1.4). On the other hand, the dose rate near the grating in Figure 6 is about 1.4 Sv/h.
Results and discussions
The difference between the measured and calculated dose rates is considered to be mainly due to the amounts of Cs contaminations by the SA analysis. As shown in Figure 5 , the dose rate near the grating position is sensitive to the Cs contaminations on the lower drywell (D/W) and on the outer surface of pedestal, and not so sensitive to other radiation sources. Therefore, the amounts of Cs outside the RPV were adjusted so that the dose rate at the grating position matched the measured average value. In this procedure, the values of S i in Eq. (1) From these results, we can say the followings.
(1) There is a possibility that the dose rate in the RPV is quite high especially near the steam dryer, water-steam separator and bottom of the RPV due to their Cs contaminations. However the uncertainty of the dose rate in the RPV is large because of no available measurements. The large dose rate will make it difficult to retrieve fuel debris by the upper access method when the drywell can not be fully flooded. ( 2) The dose rate inside the pedestal in air may be high mainly due to the surface contamination with Cs, but the effect to the outside is limited because of the shielding of pedestal wall. (3) The dose rate close to the submerged fuel debris is estimated within a few hundred Sv/h in consideration with the self-shielding of γ-radiation in the fuel debris and the volatile FP release (low FP release model is used in Figure 6 ). (4) It is difficult to confirm the distribution of fuel debris from the measurement results of the B1 investigation. This is because, as shown in Figure 5 , the dose rate near the grating is not sensitive to the γ-radiation from the fuel debris. (5) The dose rate in water is higher near the water surface, lower in the center, higher again near the bottom of the PCV. Whether there are fuel debris or not at the bottom of the PCV, this tendency will be observed if the bottom is contaminated with Cs. Therefore, to confirm the existence of fuel debris deeply submerged in water, it is effective to detect γ-rays unique to fuel debris by using a sensor which has an energy resolution capability. For example, target nuclides are Cm. These approaches are under study collaborated with Lancaster and Manchester universities [14] .
As shown the above, the present method is effective not only for forming an adequate decommissioning strategy of 1F, but also for obtaining information necessary for future PCV investigations.
Conclusion
We propose a method to predict the most probable dose rate distribution in the PCV of 1F. In this method we utilize the available results of the PCV investigations and those of numerical calculations such as: severe accident analyses, irradiation calculations of fuel/ structural materials and photon transport Monte Carlo calculations. From a result of applying it to Unit 1 of 1F, the method is considered useful to determine 1F decommissioning strategy and future planning of PCV investigations.
